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FREE-JET TESTS OF A 1.1-INCH-DIAMETER

SUPERSONIC RAM-JET ENGINE1

By Joseph H. Judd end Otto

SUMMARY

A 1.l-inch-diameter hydrogen-burning

F. Trout, Jr.

ram-jet engine having a design
Mach number of 2.13 was tested-in a free-supersonic jet. Perf&rmance -
characteristics of the engine are presented for a Mach number range from
1.42 to 2.28. A cmnparison of the performance characteristics of the
engine with combustion-chamber lengths of 3.33 and 1.51 engine diameters
was made at a Mach number of 2.06.

The maximwn thrust coefficient obtained for the rem-jet engine with
the 3.33-diameter combustion chsmber was 0.905 at a Mach number of 2.06
and a fuel-air ratio of O.0~. The lean burnout of the engine occurred
at a fuel-air ratio of 0.008 for all Mach rnnnbersand the rich burnout
at 0.082 at a Mach number of 1.42. There was smooth burning over the
entire fuel-air-ratio range.

Shortening the combustion-chsmber length from 3.33 diameters to
1.51 dis.metersreduced the thrust coefficient from 0.90~ to 0.236 at a
fuel-air ratio of 0.034 and a Mach number of 2.06. The smoothness of
combustion was unaffected by the change in combustion-chsmber length.

INTRODUCTION

The problems of inlet design and engine installation on airplanes
are magnified at trs.nsonicand supersonic speeds. Furthermore, at high
flight speeds the installation snd operation of the engine affect the
aerodynamic characteristics of-the airplane appreciably. In order to con-
duct an investigation on the effect of engine installation and operation
on the supersonic aerodynamic characteristics of airplane and missile con-
figurations, a small engine that simulates an air-breathing engine, such
as a turbojet or ram ~et, is needed. Three methods of engine simulation
on a small scale are feasible: a rs.mjet, a compressed-air jet, or a
small rocket. From the sbdpoint of flexibility of operation and

lSupersedes recently declassified NACA Research Memorandm L51L18
by Joseph H. Judd and Otto F. Trout, Jr., 1952.
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simplicity of installation on a variety of airplane and missile configu-
rations, the supersonic rqm jet appeared better than the compressed-air
jet or rocket. The primary requirement% of the engine were: reliable
starting, good control response, and a wide operating range of Mach
nu?iberand fllel-airratio.

A l.1-inch-diameter ram-jet engine:was”tested in a free 3et at the
Pilotless Aircraft Research Station, Wallops Island, Vs., to determine
the practicality of engine operation ona scale suitable for airplane- or
missile-configuration tests in a 27- by 27-inch open jet. In addition,
the tests were made to study the operational problems of running a small
ram-jet engine at supersonic speeds.

Although a wide variety of inlets and exit nozzles may be coupled _bc.
a combustion chamber to form a ram-~et engine, the basic configuration
selected for testing was shnil.arto the engine o? reference 1. A Ferri
type inlet with a 40° cone was used as the supersonic inlet. A straight
combustion chamber was coupled to a convergent-divergentnozzle. The
burner used for these tests was a Pabst burner, modified for hydrogen
fuel which gave uniform burning over a wide fuel-air-ratio range. Spark
ignition was found to give reliable starting over the Mach number range
tested. In addition to tests over the Mach nuniberrange on an engine with
a combustion-chamberlength of 3.53 engine diameters, an engine with a
combustion-chamberlength of 1.51 diameters was tested at a Mach number
of 2.06 to determine whether the engine would operate with a short
combustor.

The present paper presents the engine characteristics of a l.l-inch-
diameter ram-jet engine over a Mach number range,of 1.42 to 2.28 and a

Reynolds number range, based on shell length, of 6.01 x 106 to 15.78 x 106.
The Reynolds number range, based on engine.di~eter~ corresponds to an
18-inch ram Jet flying at an altitude of 74,000 feet.

SYMBOLS

c velocity of sound, feet per

CD drag coefficient (D/qS)

CT thrust coefficient
Y*)

D drag, pounds

F/A fuel-air ratio, weight rate
flow

—

.
—
—.

—

second

.—

.“

of fuel flow to weight rate of air
“
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Mach number (v/c)

dynamic pressure

Reynolds number

()1 ~2
p ~ pounds per square foot

(vz@)

frontal area of engine, square feet

free-stream static temperature, degrees Fahrenheit

free-stream velocity, feet per second

force measured on thrust stand, pounds

combustion efficiency (ratio of theoretical F/A to
measured F/A for a given imfiulse)

air impulse efficiency (ratio of actual to theoretical air
ImpUiSe for a given- F/A)

free-stream air density, slugs per cubic foot

equivalence ratio, fuel-air ratio over stoichiometric
ratio

kinematic coefficient of viscosity

outside diameter of engine, feet

length of combustion chamber, feet

length of ram-jet shell, feet

horizontal ordinate, inches

radial ordinate, inches

fuel-air

APPARATUS

A sketch of the ram-jet engine is shown in figure 1. The engine is
1.1 inches in dismeter and 7.94 and 5.94 inches long with the 3.33-diameter
and the 1.51-diameter combustion-chamber lengths. Inner and outer shell

●
ordinates are presented in table I. A single oblique-shock inlet with a
40° cone acted as the supersonic diffuser. The internal.shell, acting as
a subsonic diffuser, was designed to have an expansion from a minimum area

.
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of 0.191 sciuareinch to the combustion-chamber
over a-l’enfi of 3.06 inches. The tier body,

area of 0.758 square inch
having ordinates as given

in table II, was faired from the 40° cone “surfaceto the burner support.
The area ratio of the combined supersoriicand subsonic diffuser was 0.41,
based on the entrance area and the combustion-chamberarea. The inner
body was supported by a single hexago~l airfoil with a thickness of
0.25 inch and a chord of 1.37 inches.

The combustion chambers were made of stainless steel with an outside
diameter of 1.1 inches and &n inside diameter of 1.0 inch. Figures 2(a)
and 2(b) show the engine with combustion-chamberlengths of 3.33 diameters
and 1.51 diameters, respectively. The sta~less-steel exit nozzle had a.
contraction ratio of 0.839 which choked the inlet over the fuel-air-ratio
range tested. This caused lower total-pressure recoveries at the higher
test E&ch numbers. Nozzle ordinates are presented in table 111.

IYior to free-jet tests of the ram-jet engine, a series of burners
using hydrogen fuel were compared in comb@ion tests. Although some
burners exhibited starting difficulty and others burned over a small
fuel-air-ratio range, the modified Pabst burner selected for the engine
tests (shown in figures 1 and 2(c)) burned over a wide fuel-air-ratio
range. .Thisburner acts as a flame holder and fuel injector. The fuel
is injected into the combustion chmber through four equally spaced holes
normal to the conical aftersurface of tie burner. The ratio of burner
to combustion-chamberarea was 0.25.

An aluminum rod supportedby bakelit~struts was inserted through
the nozzle to act as an electrode of the ignition system. A 0.062-inch ““”
,sparkgap was held prior to combustionbetween this electrode and the
burner. A potential of 20,000 volts from an induction coil was used for
engine ignition. Immediately after i~ition the rod and supports were
burned and blown from the engine. This type of-ignition gave immediate

. engine starting and was obse~ed to beex?!emely reliable.

Four bottles of technical-gradehydrogen were connected to a man~-
fold for the fuel supply. A metering flow nozzle..wasused to measure
fuel rate and ahand-operated valve w&a u=ed to regulate fuel flow to
the engine. The fuel was injected into the combustion chamber through
the mcdified Pabst burner which acted as a flame holder-and fuel
injector.

The drag cup used in determining inte~al drag is shown installed
in the ram Jet in figure 2(d). The maximum diameter of the cup was
0.887 inch. The drag cup was designed.to_choke the e-t over the Mash
number range tested. A base-pressure orifice was installed in the
center of the cup and during drag runs,was.connected t? a Pressure
pickup throu@ a fuel tube.

The ram-~et engine was supported by ~ strut with a hexagonal air-
foil section having a 0.250-inch thickness and a chord of 4.25 inches.

.
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In order to determine the strut drag, “adunmy strut was attached to the
engine in the same attitude as the support strut. The mdel in test
position with the drag strut attached is shown

TESTS AND MEASUREMENTS

in figure 3.

A high-frequency strain-gage balance was used to measure the net
thrust and drag of the engine. Diffuser-exit static pressure was
measured in all.runs to determine the smoothness.of engine burning. The
drag-cup base pressure was measured in all drag runs. Measurements of
pressure, temperature, and force were recorded simultaneously on a
recording oscil.lograph.

Tests were made to determine the drag and performance of the ram-
jet engine at fixed free-jet nozzle Mach numbers of 1.42, 1.75, 2.06,
and 2.28. During each run approximately atmospheric pressure was main-
tained at the free-jet nozzle exit. The average free-stream static
temperatures are listed in table IV. The Reynolds number, based on

shell length, varied from 6.1 x 106 to 15.78 x 106 and is shown in
i’i~e 4 as a function of test Mach nmber.

Test accuracy.- The magnitude of error in the force-balance measure-
ments was *1 percent for full-scale deflection. The estimated error of
the air-flow and fuel-flow measurements was *2 percent.

Computations.- Because of the small scale of the engine, the amount
and complexity of instrumentation was held to a minimum. The inlet was
designed, therefore, to choke over the range of fuel-air ratios and Mach
numbers tested so the air mss flow through the engine could be computed
by consideration of total-pressure loss (as outlined in reference 1).

The internal, base, and gross external drags were computed by the
methods of reference 1. In order to determine external ttiredrag from
the gross tare drag, the strut drag must be determined. This was done
by attaching a similar strut to the engine, rotated 1800 from the
supporting strut, and measuring the total drag of the configuration.
The coefficient of tare drag was obtained by taking the difference of
the engine drag with and without the drag strut:

CDnacelle = ‘Dnacelle + strut - % nacelle + 2 struts

The assumpticz.that the drag of the support strut is equal to that
of the drag strut is qualified minly by the interference of one stmt-
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.
on the other and the influence of the struts on the boundary layer. The
shadowgraphs of figure 5(a) indicate that addition of the drag strut
makes the flow downstream of the struts symmetrical. This shows that the
drag of the two struts is approximately equal, since an equal and opposite
disturbance was introduced into the stream.

The tare drag coefficient of the engine with the 1.51-diameter com-
bustion chamber was computed by su%tractihg =kin-friction values from

—

the external tare drag of the engine with the 3.33-diameter combustion
chamber. The value of skin-friction drag was calculated by using values
of turbulent skin friction from reference 2:

CD
1.51-diameter combustion chsmber ‘% 3.33-diameter combustion chamber -

4 friction

The gross thrust coefficient was obtained by adding the coefficient
of tare drag to the net thrust coefficient. This tare coefficient
includes the shell drag and the additive drag; that is, the pressure
drag on the streamlines entering the engine. An inspection of the
shadowgraphs of the combustion tests as illustrated in figure 5(b), indi-
cated that the additive drag of the engine remained constant for a given
Mach number and the fuel-air-~tio range tested.

The heating value of the fuel and thermodynamic properties of the
prcducts of combustion used in computing’the impulse and combustion
efficiencies were detetined by the methods of reference 3. The impulse
and combustion efficiencies were computed by the methdis of reference 1,

RESULTS AND DISCUSSION

The external tare drag coefficients for.the l.1-inch ram-jet engine
are shown in figure 6 for both combustion-chamber lengths. The large
decrease in tare drag with increasing Mach number is mainly due to the
decrease in additive drag as the diameter of the free-stream tube entering
the jet approaches the entrance area of %he-engine.

.

.
—

—

●

.

The thrust coefficients of the engine with the 3.33-diameter com-
bustion chamber are presented in figure 7 as a function of the fuel-air
ratio at Mach numbers of 1.42, 1.75, 2.06,‘&d 2.28. At stoichiometric
fuel-air ratio and Mach
This compares favorably
jet engine of reference

number 2.06, the test thrust coefficient was 0.865. “
with the 6.5-inch-diameter ethylene-burning ram-
1, which delivered a thrust coefficient of 0.90 at .

—
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a Mach number of 2.0 and stoichiometric fuel-air ratio. T!hus,although
the engine size wae scaled down, the thrust coefficient was held to the
same order of magnitude. The hydrogen fuel,which should give about
30 percent more thrust than ethylene fuel has Almost compensated for the
greater burner drag and scale effect of the smaXl engine. The variation
of CT with Mach number for constant equivalence ratio @ iS shown in
figure 8. It can be seen that the peak thrust coefficients occur in the
vicinity of the design Mach number of 2.13. The maximum test thrust coef-
ficient was 0.X5 at a Mach number of 2.06 and a fuel-air ratio of 0.034.

At all Mach numbers lean burnout occurred at a fuel-air ratio near
0.008 for the 3.33-diameter combustion chamber. Rich burnout was obtained
only at a Mach number of 1.42 with a fuel-air ratio of 0.082 or an equiva-
lence ratio of 2.98. At higher Mach numbers, the fuel system could not
deliver enough fuel to obtain rich burnout. Shadowgraphs of the flow
about the engtie, observation of the engine during rums, and inspection
of diffuser-exit static pressures showed that the combustion was smooth
at all Mach numbers and fuel-air ratios tested. It should be noted that
the ease of ignition and smoothness of combustion apply only to the hydro- -
gen fuel. Use of a different fuel would probably require a new burner

. design to produce comparable operating results.

The variation of combustion and impulse efficiencies with fuel-air.
ratios for the engine with a 3.33-diameter combustion chamber are
presented in figures 9.and 10. A maximum combustion efficiency of 0.693
was obtained at a Mach number of 2.06 and a fuel-air ratio of 0.027.
The impulse efficiencies obtained during these tests varied from 0.785
to 0.900 over the range of fuel-air ratios and Mach numbers tested.

A l.~1-dismeter combustion-chamber length was tested at a Mach
number of 2.06 to find the effect on CT of decreasing combustion-.

chamber length. The variation of thrust coefficient with fuel-air ratio
is presented in figure 11 for both combustion-chamber lengths. Reducing
the combustion-chamber length from 3.53 diameters to 1.51 diameters
lowered the thrust coefficient from 0.905 to 0.236 at a fuel-air ratio
of O.0~ at a Mach number of 2.06. Values of impulse and combustion
efficiencies obtained with the 3.33-diameter and 1.51-diameter combustion
chambers are presented in figures 12 and 13. Greatly reduced values of
impulse and ccmibustionefficiencies are noted for the shorter combustion
chsmber. However, smoothness of combustion was Unaffectedly shorteni~
the combustion-chsmber length.

CONCLUDING REMARKS

A l.1-inch-diameter supersonic ram-jet engine, burning
fuelz has been tested through a Mach number range from 1.42

hydrogen
to 2.28 and
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a Reynolds number range, based on shell length, from 6.o1 X 106 to

15.78 x 106 in a free jet at atmospheric pressure. The coefficients of_
thrust and drag and the impulse and combustion efficiencies were determined

*.

through free-jet trots. A comparison was:made of the engine performance
with ratios of combustion-chamberlength to diameter Zc/d of 3.33 and , ‘--
1.51 at a Mach number of 2.06.

IYee-jet tests at supersonic speeds sho_wthat a l.1-inch-diameter
hydrogen-burning ram-Jet engine operates rel~ably over a wide range of ._ ~
fuel-air ratios and Mach numbers. Therefore, this engine is suitable
for installation on models of airplane an@ missile configurations that

—

are to be used in supersonic wind-tunnel tests. The combustion in the
—

engine was smooth over a fuel-air-ratio range of 0.008 to 0.082. The
spark ignition was demonstrated to be rapid and reliable. A test thrust ‘“ ‘–
coefficient of 0.865 was obtained at a fuel-;ti ratio of 0.029 and a Mach -
number of 2.06. This is comparable to a thrust coefficient of 0.900 at
a Mach number of 2;0 and a fuel-air ratio of 0.068 for an ethylene-
burnh.g 6.5-inch-diameterrmn-jet engine.,._ -..—

Reducing the combustion-chamberleng$h~rom 3.33 diameters to
1.51 dismeters lowered the thrust coefficient from 0.905 to 0.236 at a

*

fuel-air ratio of 0.034 and a Mach number of 2.06. The smoothness of
combustion was not affected by the change”in combustion-chamberlength. s_

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronautics,

Langley Field, Vs., January 5, 19~2.
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SHELL

TABLE I

ORDINATES FOR TRANSITION POINTS

I Outside I

0.424 0.3205
.324 .3405

2.106 .5200
2.581 .5500
7.941 .5500

i

Inside I

w
TABLE 11

1NNER-B0D% ORDINATES

(i:. ) (i:. )

o
.550
.562
. 6Q0
. 9m

1.783
2.283
2.667
3.000
2.500
3.667
3.7m

o
.200
.212
.221
.230
.224
.217
.195
.170
.120
.100
.096

—
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TABLE III .

EXIT-NOZZLE INSIDE ORDINATES

(i~.) (i:.)

7.381 0.500
7.431 .470
7.566 .458
7.941 .550

TABLE IV

AVERAGE STATIC TEMPERATURES OF TESTS

M I (ieg)
I Combustion chamber I

$=3.33: “:.
J

1.42 47
1.75
2.06 -;;
2.23 -55

I Combustion chamber I
~ = 1.51 _
d

I 2.06 .-50

.

.

.

—

-.—-
●

.
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0.424~ — ~ 3.297.

x—
0.641 :*:,C - 40-56

//
—

// // //

/ -. 1 r t

— 1.0 0.916 1.1

ir
diam. dlam dlam.

t

I \l {/ // //. // L 1

Inner bcdy strut shell Burner Exitnozzle

1- 5/8-+

-G-&l,
+@1/2 1/4 - 0:

d-- \-’”’
-----

Burner

TabulatedMcdel Data

Frontal area, based on max. diameter, sq in.
lrilet area, sq kL
Combustion-chamber area, sq in,
Minimum nozzle area, sq in.

Shell length
3.33-imh combustion chamber
1.51 -iuch commion chamber

Combustion-chamber length
3.3 S-iwh combustion chamber
1.51-inch combustion chambsr

0.950
.322
.758
.658

L*

7’.517
5.617

NOTE: Ordinates of model with 3.33-inch combustion
chamber are tabulated iu Tables I, II, and ~

Jo

3.66
1.66

Figure l.- Arraugement of 1. l-inch-diameter ram-jet mcdel and burner.

All dimensions In incheg. P
P

,,
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(a) Ram-~et engix with 3.66-inch comb~ti~nc-er; lc/d = 3.33*

(b) Ram-jet engine with 1.66-inch combustion chamber; Zc/d = 1.51.

.

-—
*

.
—.

.

.

Figure 2.- General views of l.1-inch rsm-~et test model.
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(C) R2U?I-J4engine showing mcdified~ab~t lN.Ime~. ~

(d) Ram-jet engine showing drag cup.
w

Figure 2.- Concluded. L-71173
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Figure .3.- --jet engine, with 3.66-irich<combustionchamber and %$ag
strut, in test position.

.
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Combustionchamber & =3.33
16

*

14
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10 \
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\

8 \ \ I

Combustionchamber + =1.51

6 I

4

2

=w=–

of

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6
M

Figure 4.- Variation of Reynolds number with Mach number for the engine.

.



16 NACA TN 3906

Without drag strut With drag strut

M= 1.42

Without drag strut With drag strut

M= 2.28

(a) Flow about engine with,drag cup installed. L-70849

Figure 5.- Shadowgraphs of the flow abput.the ram-jet e~fie wi~ the
3.66-inch combustion-chamber.

.

.
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M = 1.42 M= 1.75

M = 2.06 M = 2.28

=Js== ‘“”’
L-70850

(b) Ram-jet engine burning at stoichiometric fuel-air ratio.

Figure ~.- Concluded.
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Figure 6.- Variation of tare @g coefficient with Ma& number.
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Figure ~.- Variation of coefficient of
combustion chamber

thrust with fuel-air ratio with
Z=/d= 3.33.
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1.0
II M

Stochiometric
.8

0 1.42

I
I

❑ 1.75
A I

~ 2.06

.6

.4

I

u
o 0 n

0

.2

I

I I
o .01 .02 .03 .04

l?/A
.05 .06 .07 .08 .09

Figuxe 9.- Variation of combustion efficiency with fuel-air ratio with
combustion chsmber Zcjd = 3.53.
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I El 1.75
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i
1

(
o .01 .02 .03 .04 .05 .06 .07 .08 .09

l?/A

Figure 10.- Variation of Impulse efficiency with fuel-air ratio with
combustion chamber Zc/d = 3.33.
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a

CT

1.0 1

.9

.8 — - C!om~tion chsmber ~ = 9.33

I

.7 1 I

I

/ I
.6 / 1

I
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/
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I
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I
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I
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/ ~ I
& I

o I I t

*

0 .035 .010 .015 .020 .025 .Ow .035 .040 .045

FjA

Figure 11.- “E.ffeet--ofdecreasing combustion-chamber length on ~

atM= 2.06.
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.3 t

I

I
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i
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Figure 12.- Effect of reducing combustion-chamber length on combustion
efficiency at M = 2.06.
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Figure 13.- Effeet of reducing combus~iou-chamber length on Impulse
efficiency at M = Z, 06. —.
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